The mocha mouse is a spontaneous mutant carrying a defective adaptor-like protein complex AP-3d subunit. We examined retinal function and histology of the mocha mutant. We found that not only mocha homozygotes but also other littermates in the inbred strain are blind due to severe defects in both rod and cone photoreceptors on electroretinogram recordings. The functional deficit was caused by rapid, early postnatal photoreceptor degeneration. Genotyping confirmed the presence of a viral insertion of rd1 gene in the mocha strain. We conclude that rd1 allele contamination is primarily responsible for photoreceptor degeneration, and caution against behavioral tests with visual cues in the present stocks.
Introduction
The spontaneous mouse mutant mocha (mh) is an autosomal recessive mutant, initially identified in 1963 (Lane & Deol, 1974) . In addition to coat and eye color dilution, the mocha mouse is characterized by defective platelets (Swank, Reddington, Howlett, & Novak, 1991) , lysosomal abnormalities, inner ear degeneration (Rolfsen & Erway, 1984) , and neurological deficits (Noebels & Sidman, 1989) . The mocha phenotype is caused by a deletion in the gene on chromosome 10 for the d subunit of the adaptor-like protein complex AP-3 (Kantheti et al., 1998) . Mocha is a null allele of AP-3d (Ap3d mh ), which is associated with coated vesicles budding from the trans-Golgi network. The AP-3 complex is a vesicular trafficking protein responsible for cargo selection to lysosome-related organelles and to neurotransmitter vesicles (Kantheti et al., 1998) . Dysfunction of AP-3d leads to defects in all the targets of AP-3 including vesicular zinc concentration and affects function and morphology of several membranous organelles in both peripheral tissues and the nervous system.
Grizzled (gr) mouse is another autosomal recessive coat color mutation first discovered in 1948 in descendants of a cross between the A inbred strain and a stock carrying fuzzy (fz) (Bloom & Falconer, 1966) . The most visible effect is elimination of the yellow pigment in hair without affecting the black pigment. Homozygous grizzled mice are smaller and less viable than their normal littermates perinatally. While the gene defect in grizzled mouse has not been identified to date, genetic linkage tests revealed that mocha is very closely linked to grizzled on the central region of chromosome 10 (Kapfhamer & Burmeister, 1994; Lane & Deol, 1974) . The mocha mutation has been maintained with grizzled in the same inbred strain named STOCK gr þ=þ Ap3d mh (gr/mh) since the seventies at the Jackson Laboratory.
To determine whether these hypopigmentation mutations affect visual function, we examined retinal function and morphology in the gr/mh mouse strain. We have found total blindness not only in the mocha mutant but also in all the littermates of the gr þ=þ Ap3d mh background strain. The lack of electroretinogram (ERG) responses is caused by rapid photoreceptor degeneration during postnatal development soon after eye opening. The pattern and time course of photoreceptor degeneration resembles those reported in the rd1 mutant mouse, which carries a defective Pde6b gene (LaVail & Sidman, 1974) . PCR genotyping confirmed the presence of the rd1 allele in this inbred strain. Thus, it is important to avoid using these mice for behavioral studies with visual cues.
Materials and methods

Animals
Breeding colony of the STOCK gr þ=þ mh (gr þ=þ Ap3d mh , 000279) was obtained from the Jackson Laboratory (Bar Harbor, ME) and maintained in the Louisiana State University Health Sciences CenterShreveport vivarium on a 12 h on/12 h off light/dark cycle with food and water available ad libitum. Tested gr þ=þ Ap3d mh breeder pairs were mated to produce littermates. Homozygous mocha (mh/mh) mice having a gray coat color and homozygous grizzled (gr/gr) mice having a silver like coat color can be easily identified a few days after birth by their coat color and smaller size. The non-mutant littermate inner strain controls (þ=À) were usually expected to be of genotype gr þ=þ mh, although we cannot exclude a rare recombination event that would have resulted in a gr þ= þ þ, þ þ =þ mh or þ þ=þ þ mouse among the controls. Mice of different postnatal ages, P10 (postnatal day 10), P15, P20, P30 and adult (2 months) were used for the experiments. C57BL/6J mice, originally obtained from the Jackson Laboratory, were also used as normal control. The experiments were carried out in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals. All efforts were made to ensure that both animal numbers and discomfort were minimized while producing reliable scientific data.
ERG
Visual function of adult mh/mh (n ¼ 3), gr/gr (n ¼ 3) and þ=À non-mutant littermates (n ¼ 3) was tested using ERGs. Prior to testing, mice were allowed to dark adapt overnight. Under dim red light, mice were anesthetized with a solution of Ketamine (100 mg/ml) and Xylazine (5 mg/ml). Pupils were dilated with a single drop of 0.5% mydryacil and 2.5% phenylephrine. A drop of 0.5% proparacaine hydrochloride was applied for corneal anesthesia. Mice were placed on a heating pad maintained at 39°C, inside a Ganzfeld dome coated with highly reflective white paint (Munsell paint). A small amount of 2.5% methylcellulose gel was applied to the eye, and a platinum electrode was placed in contact with the center of the cornea. Similar platinum reference and ground electrodes were placed in the forehead and tail respectively. After placement in the dome, mice were allowed to remain in complete darkness for five minutes. Signals were amplified with a Grass P122 amplifier (bandpass 0.1-1000 Hz). Data were acquired with National Instruments Lab-PC DAQ board (sampling rate 10,000 Hz). Traces were averaged and analyzed with custom software written in Matlab. Flashes were calibrated in a manner similar to that described in Lyubarsky and Pugh (1996) and are described in detail elsewhere (Howes et al., 2002) . Flashes for scotopic measurements were generated by a Grass PS-33þ photostimulator. Light was spectrally filtered with a 500 nm interference filter (Edmund Scientific). Flashes varied in intensity from 0.13 to 160 photoisomerizations/ rod. For analysis of the a-wave and cone function, we used a 1500-W Novatron xenon flash lamp, which produced approximately 800,000 photoisomerizations/ rod.
Histology
Animals were cervical dislocated after an overdose of pentobarbital (Nembutal). Eyes were enucleated, and fixed immediately in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). After 15 min in the fixative, the lenses were removed and eyes were cut along the cornea-optic nerve axis into two halves and further fixed in the same solution for 2 days at 4°C. Tissues were embedded in paraffin, sectioned on a microtome at 6 lm thickness and stained with hematoxylin and eosin (H-E). Slides were examined under an Olympus microscope (BH-2). Images were captured with a Kodak digital camera (MDS 290 system).
Pdeb rd1 genotyping
Two sets of genotyping PCR for detecting Pdeb rd1 mutation were developed by Gimenez and Montoliu (2001) . One set (RD4-RD3 primer set) is to amplify the left arm junction of the retroviral insertion and produces a 550 bp fragment from the mutant allele. The other set (RD6-RD3 primer set) is to amplify a 400 bp fragment only from the wildtype allele. To make Pdeb rd1 genotyping more efficient, instead of doing two sets of PCR, we combined all three primers in one PCR. The three-primer PCR works as well as each two-primer PCR.
Results
3.1. ERG responses are absent from mh/mh, gr/gr, and þ=À mice
The first panel of Fig. 1(A) shows the scotopic ERG response of a normal C57BL/6J. Increasing intensities produce a family of scotopic b-wave responses. At higher intensities, a small a-wave can also be observed. The scoptopic b-wave is generated primarily by the rod bipolar cell and at low intensities is proportional to the input from the rod photoreceptors (Pugh, Falsini, & Lyubarsky, 1998) . The second through fourth panels of Fig. 1(A) show responses from mh/mh, gr/gr, and þ=À non-mutant littermate mice. Recordings from these mice are completely devoid of a scotopic b-wave. Fig. 1(B) shows the response to an intense flash, bright enough to saturate the rod photoreceptors and also strongly stimulate the cone photoreceptors. The C57BL/6J mouse exhibits a prominent a-wave measuring 600 lV and a b-wave measuring 1200 lV. No response is seen from the mh/mh, gr/gr or þ=À non-mutant mice, indicating a severe defect in both the rod and cone systems.
Absence of outer nuclear layer in the retina of all adult mice in mh=gr strain
Retinal histology was examined in adult mh/mh, gr/gr, and þ=À non-mutant mice in comparison with C57BL/ 6J wildtype control. As shown in Fig. 2(A) , a wellorganized laminar structure with normal proportion of each cell layer is clearly illustrated in C57BL/6J mouse retina. The outer nuclear layer (ONL) is the thickest layer in the retina, and is packed with multiple layers of photoreceptor cell bodies. The inner segment as well as the outer segment of the photoreceptors can be easily identified underneath the retinal pigment epithelial (RPE) cell layer. However, the retina of the mh/mh mutant is much thinner (Fig. 2(B) ). In fact, the entire photoreceptor layer is completely absent in adult retina. To our surprise, similar photoreceptor degeneration was also found in the retina of the gr/gr mutant (Fig. 2(C) ) as well as þ=À non-mutant inner strain control mice (Fig.  2(D) ). Occasionally, a few scattered cells, presumably remaining photoreceptor soma were stained between the inner nuclear layer and RPE layer (Fig. 2(C) ). The noticable differences in the retina between the mh/mh and the rest of the gr/gr and þ=À non-mutant littermates were the reduced, patchy pigment in the RPE layer as well as pigment reduction in choroid layer of the mocha mice. No significant histological abnormality was found in the inner nuclear layer or the ganglion cell layer Fig. 1 . ERG responses in different mouse genotype: (A) the first panel shows the scotopic ERG response in the C57BL/6J control mouse. Increasing intensities produce a family of scotopic b-wave responses, which are proportional to the input from the rod photoreceptors. At higher intensities, a small a-wave can also be observed. Recordings from mh/mh, gr/gr and þ=À non-mutant mice in the second through fourth panels are completely devoid of a scotopic b-wave, (B) the C57BL/6J mouse exhibits a prominent a-wave measuring 600 lV and a b-wave measuring 1200 lV to an intense flash stimulating the cone photoreceptors. No response is seen from the mh/mh, gr/gr or þ=À non-mutant mice, indicating a severe defect in both the rod and cone systems.
(GCL) in any of these mice. These results suggest that the absence of a photoreceptor layer is not specifically related to the AP-3d mutation in mocha.
Rapid postnatal photoreceptor degeneration in mh=gr strain
To further determine the time course of photoreceptor degeneration, we examined retinal morphology of the gr/mh mouse strain at several postnatal developmental stages (P10, P15, P20 and P30). As shown in Fig. 3(A) , the ONL was clearly present at P10 before eye opening in these mice. The photoreceptor population is already well established at this stage and the photoreceptors begin to form the outer segments. The general morphology of the retina in gr/mh mice is comparable with normal retinal histology at the same developmental stage (LaVail & Sidman, 1974) . However, a few days after eye opening, there was a considerable loss of photoreceptors at P15 (Fig. 3(B) ). The ONL was reduced to two to three rows of photoreceptor nuclei, many of which were pyknotic. No inner or outer segments could be found. By the time they reached P20, only a single layer of photoreceptors remained (Fig.  3(C), (D) ). We have also noticed a central to peripheral temporal gradient during photoreceptor degeneration. At P15, 4-6 rows of photoreceptors were found in the peripheral retina (data not shown) in comparison with 2-3 rows in the central retina (Fig. 3(B) ), indicating that photoreceptor degeneration spreads from central to peripheral retina. The degeneration pattern and time course are indistinguishable among the three different genotype groups of the littermates in the gr/mh strain. This degeneration process is also very similar to that reported in the rd1 mutant mouse (LaVail & Sidman, 1974) .
Presence of rd1 allele in mh/gr strain
Because the rd1 mutation of cGMP phosphodiesterase 6 b subunit (Pde6b rd1 ) is quite common in mice, and the gr/mh mice share essential elements of the photoreceptor degeneration pattern found in rd1 mutants, we tested possible existence of the rd1 mutation in the mocha strain. PCR genotyping was performed using the three-primer protocol, which amplifies specific wildtype and rd1 alleles. As shown in Fig. 4 , the Pdeb rd1 mutation was detected in mocha and grizzled mice. C57BL/6J mice were used as wildtype control for this mutation. We have also tested a second mocha 2J mutant, which carries a separate mutation in the same AP-3d (Ap3d mhÀ2J ) gene on a different inbred strain. Both mocha 2J as well as its background C3H also tested positive for Pde6b rd1 .
Discussion
In the present study we have found that mocha mutant mice as well as other littermates in the gr þ=þ
Ap3d
mh strain are blind. ERG recordings revealed minimal responses to the full range of light stimulation in all the individuals of different genotypes in the entire strain, indicating a severe defect in both the rod and cone systems. The ERG abnormalities correlated well with the histological finding that the ONL is absent in these mice. Developmental studies showed rapid photoreceptor degeneration soon after eye opening from P10 to P15. The photoreceptor cell death occurred in a center rd1 mutation in mocha and mocha 2J strains. The three-primer PCR only amplified a 550 bp fragment from the rd1 mutant allele in both gr and mh mice, indicating that they are rd1 homozygotes. Same primer set produced a 400 bp band of the wildtype allele in the C57BL/6J (B6) mouse. Presence of the rd1 homozygouse allele was also confirmed in mocha 2J (mh2J) as well as its background C3H, a separate mutation of the same AP-3d gene on a different inbred strain. M: marker.
to peripheral fashion. No histological abnormality was found in the inner nuclear layer or the GCL. The degeneration pattern in this strain resembles the photoreceptor degeneration found in mice carrying the rd1 mutation. PCR genotyping confirms the presence of the rd1 allele. Although it is still not clear at this point that how much the gene mutation on gr and/or mh loci contributes to the retinal degeneration, the photoreceptor degeneration and severe visual function impairment in the gr/mh mice could be explained by the Pde6b gene defect.
In the mouse, retinal cell proliferation and differentiation processes are completed before eye opening at P12 in a center to peripheral fashion (Young, 1983 (Young, , 1985 . The normal laminar structure seen in gr þ=þ Ap3d mh mouse retina at P10 indicates that the photoreceptor degeneration happened after the completion of proliferation and toward the end of differentiation. The degeneration, which affected mainly the photoreceptors occurred rapidly between P10 and P15. This unique pattern of photoreceptor degeneration resembles the retinal degeneration process reported in the rd1 mutant (Blanks, Adinolfi, & Lolley, 1974; LaVail & Sidman, 1974) . The rd1 mouse is an autosomal recessive mutant that arose spontaneously on the C57BL/6J strain (Sidman, Green, & Appel, 1965) . It carries a nonsense mutation and a retroviral element insertion into the gene Pde6b, encoding the subunit of cGMP phosphodiesterase 6 (Pittler & Baehr, 1991) . In rd1 homozygous mice, eyes develop normally up to 7-10 days after birth. However, the nascent outer segments and the photoreceptors degenerate rapidly after P10. By P15 there is only a thin layer of photoreceptors left which eventually disappears completely (Caley, Johnson, & Liebelt, 1972; LaVail & Mullen, 1976) . The inner nuclear layer and ganglion cells appear normal (Blanks & Bok, 1977) . More than 20 rd1 contaminated mouse strains have been identified (JAX Mice Database; Chang et al., 2002; Pittler & Baehr, 1991) , all of which carry both viral insertion and nonsense mutation Pdeb rd1 gene (personal communication with Dr. Bo Chang). This suggests that rd1 is a very ancient mutation, which has penetrated into many inbred mouse strains and stocks. Our results demonstrate that both mocha mutant strains, gr þ=þ Ap3d mh and Ap3d mhÀ2J also carry the Pdeb rd1 gene mutation. These findings are important and should be taken into consideration when studying vision and brain function in these strains. Behavioral tests with visual cues should be excluded with the present stocks. To allow behavioral testing with visual cues, efforts to place the mh mutation on a different background, C57BL/6J, are in progress (ES and MB, unpublished) .
The mocha mutation occurred initially at generation N9 in the C57BL/6J-pi (pirouette) stock at the Jackson Laboratory in 1963 (Lane & Deol, 1974) . It is at generation F94 in the gr þ=þ Ap3d mh background. Although degenerative changes in mocha have been reported in the inner ear including the organ of Corti, stria vascularis, spiral ganglion and the otoliths in the saccule and utricle (Lane & Deol, 1974) , no visual impairment has ever been documented in the mocha mutant. Although we have found photoreceptor degeneration in the mh mice, the severe retinal defect in the entire strain excludes the mh mutation as a primary cause. Positive identification of the rd1 mutation confirms that rd1 is responsible for the visual defect in this strain. As both grizzled and mocha were crossed to numerous linkage-testing stocks, and are a mix of many different strains before they were inbred (Bloom & Falconer, 1966) , it is difficult to track the exact origin of the rd1 mutation. Based on the findings that several different grizzled stocks do not carry rd1 allele (ES and MB, unpublished) , it is possible that the rd1 contamination occurred during linkage cross studies.
Visual defects are quite common in mouse hypopigmentation mutants . The pearl mouse is one of such mutants, which carries a defective gene encoding the b 3A subunit of AP-3 (Ap3b1) (Feng et al., 1999) . A reduced sensitivity in the dark-adapted condition, night blindness, has been linked to the mutation (Balkema, Pinto, Drager, & Vanable, 1981 , 1983 . The functional deficit is correlated with synaptic lamellae alterations of the photoreceptors in pearl mice without significant abnormalities at light microscopic level (Williams, Gherson, Fisher, & Pinto, 1985) . In the present study, we have found a few mild histological changes in the mocha retina. The differences in the retina between the mocha and the rest of the littermates include reduced, patchy pigment in the RPE layer, pigment reduction in choroid layer as well as thinner retina of the mocha mice. However, as the rd1 induced defects are so severe, it is difficult at this point to exclude other abnormalities related to mocha mutation in the retina especially in the photoreceptors. Future experiments in mocha mice on a non-rd1 contaminated background will be necessary to clarify the effect of AP-3d gene on visual function.
